Menstruation in primates is preceded by a period of intense vasoconstriction, with resultant ischemia-reperfusion. Although apoptosis is involved in endometrial breakdown, the relationship between ischemia-reperfusion and apoptosis in the female genital tract has not been determined. To investigate the relationship between ischemia-reperfusion and apoptosis in the uterus, we analyzed a uterine ischemia-reperfusion model using BDF1 and C57BL/6 mice. Ischemia was induced by clamping the uterine horn and uterine artery for 5 to 30 min, followed by 6, 12, 24, or 48 h of reperfusion (n ‫؍‬ 4 for each group). The number of TUNEL-positive endometrial cells increased with the duration of ischemia and reached a maximum at 24 h of reperfusion, but then tended to decrease at 48 h. Transmission electron micrographs of endometrial cells revealed a typical nuclear condensation, confirming the occurrence of apoptosis. The mRNA expression level of the proinflammatory cytokine tumor necrosis factor-alpha (TNF␣) in the uterus increased after reperfusion. Ischemia-reperfusion-induced endometrial apoptosis was markedly decreased in TNF-R p55-deficient mice, confirming the essential role of TNF␣ in the induction of apoptosis by ischemiareperfusion (n ‫؍‬ 4). Our results suggest that ischemia-reperfusion and subsequent TNF␣ expression may be critical factors in inducing endometrial cell apoptosis. Our mouse model could be suitable for investigating ischemia-related uterine injury in humans, particularly in menstruation.
INTRODUCTION
Menstruation is characterized by bleeding at the end of the menstrual cycle in the primate uterus. Menstruation involves endometrial tissue degradation, resulting in blood loss from damaged vessels subsequent to a regeneration process [1] . Apoptosis in endometrial epithelial cells increases in the menstrual phase, and is involved in important mechanisms leading to endometrial breakdown during menstruation [2] [3] [4] . Several factors such as nitric oxide [5] , tumor necrosis factor-alpha (TNF␣) [6] , Fas [7] , and inter-leukin-1 [8] are known to induce apoptosis in the epithelial cells of the endometrium. In addition, ovarian hormone withdrawal may play a key role in the regulation of endometrial apoptosis [9, 10] .
Markee described the important role of ischemia-reperfusion in the induction of menstruation in monkeys [11] . The endometrial bleeding depends on vasoconstrictors such as endothelin-1 [12] , prostaglandins [13, 14] , angiotensin II [15] , and vasopressin [16] ; and on vasodilators such as nitric oxide [5] and PTH-related protein [17] . Ischemia-reperfusion induces apoptosis in the testis, placenta, and other organs [18] [19] [20] [21] . Although both ischemia and hormonal withdrawal must be considered as possible inductors of apoptosis in the human endometrium [3] , the functional roles and mechanisms of ischemia-reperfusion in regulating menstruation are poorly understood. Furthermore, ischemia-reperfusion induces TNF␣, followed by inflammation in affected organs such as the intestine [22] , lung [23] , heart [24] , neuronal system [25] , and kidney [26] . TNF␣ also induces tissue injury and apoptosis in the endometrium [6, 27] . We speculated that ischemia-reperfusion and the subsequently induced TNF␣ expression might play a key role in the induction of menstruation.
In the present study, we initially investigated endometrial apoptosis using a mouse uterine ischemia-reperfusion model. We next investigated the involvement of TNF␣ in ischemia-reperfusion-induced apoptosis. TNF␣ binds two receptors, TNF receptor I (TNF-R p55) and TNF receptor II (TNF-R p75). TNF-R p55 has been theorized to trigger an apoptotic signal [28] . However, the role of TNF␣ in ischemia-reperfusion injury has been controversial [25] . We evaluated TNF␣ mRNA expression and also examined the role of the TNF␣-TNF-R p55 pathway in apoptosis with TNF-R p55-deficient mice. Our findings comprise the first report on uterine ischemia-reperfusion and apoptosis of endometrial cells in the uterus.
MATERIALS AND METHODS

Animal Experiments
We used female BDF1 mice (6-to 10-wk-old, n ϭ 68) (SCL, Shizuoka, Japan), TNF-R p55-deficient mice (n ϭ 4) [29] , and their related wild type, C57BL/6 (n ϭ 15). Mice were quarantined in individual cages for more than 2 wk. They were then maintained in a 12L:12D environment and had free access to food and water. The mice were used for the following experiments at diestrus, as determined by a vaginal smear. They were anesthetized with sodium pentobarbital (40 mg/kg) between 1600 and 1900 h. A mid-abdominal incision was made under sterile conditions, followed by clamping of the lower uterine horn and uterine artery using smooth vascular clips (Vidrex, Fukuoka, Japan), modified as reported previously [30, 31] . The clips were maintained for a period of 5, 15, or 30 FIG. 1. Tissue blood flow and velocity in the BDF1 mouse uterus. Blood flow (A) and velocity (B) in the uterus are shown as mean Ϯ SEM error bars before ischemia, at 15 min of clamping (clamp), and immediately after declamping (after). Statistically significant differences, *P Ͻ 0.01; **P Ͻ 0.05. min, and then the uterus was reperfused by declamping for 6, 12, 24, or 48 h. The BDF1 mice were divided into 17 groups based on the duration of ischemia and reperfusion. The contralateral uterus was used as the control. TNF-R p55-deficient mice and their related wild types were investigated after 30 min of ischemia and 24 h of reperfusion. All experiments were approved by the Animal Ethics Committee of Nagasaki University.
Measurement of Uterine Blood Flow
Uterine blood flow and velocity were measured in mice for a period of 20 sec using a laser Doppler flow meter [32, 33] (ALF21N; Advance, Tokyo, Japan). A noncontact probe (outer diameter 1.0 mm) was kept 0.5 cm apart from the uterus. Control measurements of blood flow were performed in 17 mice before clamping. Measurements were also performed during 15 min of clamping, and after declamping. These assays were conducted at the middle of the uterus and the data were recorded on the builtin chart recorder (100 mm/min). Values were selected randomly at 1 sample/sec and the blood flow is expressed as a percentage of the control (before clamping).
Tissue Preparation and Terminal Deoxy-UTP Nick End Labeling
The uterus was fixed in neutral-buffered formalin (Ishizu, Osaka, Japan). After overnight fixation, the specimens were cut transversely, dehydrated, and embedded in paraffin. The tissue blocks were cut into 3-m-thick sections, deparaffinized, and used in subsequent experiments. Some of the specimens were stained with hematoxylin-eosin for histochemical evaluation. After deparaffinization, the nuclei with fragmented DNA were detected using a TUNEL detection kit (Wako, Osaka, Japan). Briefly, tissue sections were digested with a protease for 5 min at 37ЊC. After washing with 0.01 M PBS for 15 min, the slides were incubated with the terminal deoxynucleotidyl transferase reaction mixture in a humidified chamber at 37ЊC for 1 h. The specimens were immersed in 3% H 2 O 2 with 0.01 M PBS for 5 min at room temperature to reduce the endogenous peroxidase activity, and were washed again with 0.01 M PBS for 10 min. Then, the slides were treated with peroxidase-conjugated antibody for 10 min at 37ЊC. After washing with 0.01 M PBS for 15 min, the immunoreaction was visualized with diaminobenzidine and H 2 O 2 . Counterstaining was with methyl green dye. For quantification of apoptotic cells, more than 300 cells in a given endometrial epithelium per mouse were counted.
Transmission Electron Microscopy
Tissue specimens were cut into approximately 1 mm 3 pieces and fixed for 1 h in 2.5% glutaraldehyde in 0.1 M PBS. After rinsing four times for 10 min each with PBS, the tissues were fixed in 1% osmium tetroxide dissolved in PBS (pH 7.4) for 1 h at room temperature. The fixed specimens were rapidly dehydrated in a graded series of ethanol and propylene oxide, and then were embedded in Epon. Approximate sections were cut by an ultramicrotome at 85 m using diamond knives, and were mounted on copper grids. The specimens were further stained with uranyl acetate and lead citrate, and then were examined with a JEOL 1200 electron microscope.
Total RNA Isolation and Reverse Transcription-Polymerase Chain Reaction
To elucidate the participation of TNF␣ in the induction of apoptosis, we examined the TNF␣ mRNA expression and investigated its role in our model using TNF-R p55-deficient mice. After mice had been killed, the total RNA was immediately isolated from the mouse uterus using the acid guanidium isothiocyanate-phenol-chloroform extraction method, as described by the supplier (Isogen; Wako). First-strand synthesis was performed on 1 g of total RNA using random primers and reverse transcriptase. Complementary DNA was amplified using the GeneAmp system of DNA amplification (Perkin-Elmer). Samples were incubated in a thermocycler for 35 cycles after the addition of primers and Taq polymerase. Denaturation was carried out at 94ЊC for 1 min, followed by primer annealing at 58ЊC for 1 min and primer extension at 72ЊC for 2 min. The PCR products were then electrophoretically separated by size in a 1% agarose gel and stained with ethidium bromide. Primers were synthesized by Sawady Corporation (Tokyo). The sequences for the TNF␣ primers were 5Ј-ggcaggtctactttggagtcattgc-3Ј and 5Ј-ggcttaagtgacctcggagcttaca-3Ј (307 base pairs), and those for the ␤-actin primers were 5Ј-tggaatcctgtgg catccatgaaac-3Ј and 5Ј-gcctgacaatgactcgacgcaaaat-3Ј (348 base pairs) [34] . For the real-time polymerase chain reaction (PCR), we used LightCyclerprimer/probe sets for mouse TNF␣ and ␤-actin, and performed the experiments according to the protocol provided by the manufacturer (Roche). The total RNAs were extracted 24 h after reperfusion, and the relative levels of TNF␣ mRNA were normalized to the respective amount of ␤-actin.
Statistical Analysis
Tissue blood flow and velocity are expressed as means Ϯ SEM. The TUNEL-positive cells are expressed as the number present per 300 total endometrial epithelial cells (means Ϯ SEM). All data for different groups were compared for statistical difference using the Student t-test. A P value Ͻ 0.05 denotes the presence of a statistically significant difference.
RESULTS
Measurement of Tissue Blood Flow
The mean uterine blood flow decreased significantly after clamping compared with that of the control condition (before, 22.7 Ϯ 1.9; clamp, 13.2 Ϯ 1.1 ml LD min 100 g tissue; P Ͻ 0.01). Similar differences were noted for blood velocity (before, 2.1 Ϯ 0.2; clamp, 1.1 Ϯ 0.1 mm/sec; P Ͻ 0.05). After 15 min of ischemia, declamping was associated with significant increases in blood flow, to 21.7 Ϯ 2.7 ml LD min 100 g tissue (P Ͻ 0.01), and velocity (1.7 Ϯ 0.2 mm/sec; P Ͻ 0.05) within a few minutes, when returned to the control level (Fig. 1) . The uterus appeared pale during clamping and pink-reddish after declamping.
Histological Changes in the Uterus and Following Ischemia-Reperfusion
The histological examination demonstrated the features of epithelial cell destruction. Detached endometrial cells in the lumen were observed after 30 min of ischemia followed by 6 h of reperfusion, and the endometrial vessels showed congestion. The number of detached cells in the lumen increased in the endometrium after 30 min of ischemia followed by 24 h of reperfusion (Fig. 2B) . The uterus was restored to its normal appearance by 48 h. The epithelium in the control uterus showed the normal appearance ( Fig.  2A) .
Apoptosis of Endometrial Cells after Ischemia-Reperfusion
As shown in Figure 3A , there were few TUNEL-positive cells in the control endometrium. However, TUNEL-positive cells were observed in the endometrial glandular epithelium after 30 min of ischemia and 24 h of reperfusion (Fig. 3B) . The number of TUNEL-positive glandular epithelial cells correlated with the duration of ischemia from 5 to 30 min, reached a maximum after 24 h, and decreased thereafter by 48 h (Fig. 4) . Transmission electron microscopy showed nuclear condensation in apoptotic cells scattered throughout the endometrium after 15 min of ischemia and 6 h of reperfusion. We observed the nuclear condensation of cells in the glandular lumen and in the epithelium (Fig. 5, A and B) . We could not see nuclear condensation in the endometrium of control uterus with transmission electron microscopy.
Effects of Ischemia-Reperfusion on the Expression of TNF␣ mRNA and TUNEL Staining in TNF-R p55-Deficient Mice
We determined the expression of TNF␣ mRNA in uterine tissues by reverse transcription-PCR. TNF␣ mRNA was barely detectable in the untreated control uterus. However, the increased expression of TNF␣ mRNA was found at 6 h after reperfusion and persisted until 24 h (Fig. 6A ). To confirm the expression level of TNF mRNA quantitatively, we performed real-time PCR experiments at 24 h after reperfusion. TNF mRNA was elevated in the ischemia-reperfusion treated uterus compared with that of the contralateral, untreated uterus (Fig. 6B) . We found, interestingly, that TNF-R p55-deficient uterus produced a higher basal level of TNF␣ mRNA, suggesting the possible compensatory production of TNF␣ in the absence of TNF-R p55. In addition, TNF-R p55-deficient uterus seemed rather resistant to the ischemia-reperfusion treatment, because the TNF mRNA levels remained unchanged (Fig. 6B) . To investigate whether TNF␣ plays an essential role in the induction of apoptosis after ischemia-reperfusion, we compared the occurrence of apoptotic cells between TNF-R p55-deficient mice and mice of the wild type (C57Bl/6). After 30 min of ischemia and 24 h of reperfusion, the wild-type group showed a significant number of TUNEL-positive cells in the endometrium compared with that of the TNF-R p55-deficient group (wild type, 46.1 Ϯ 4.8; p55-deficient, 2.5 Ϯ 0.6 cells/300cells; P Ͻ 0.01; Figs. 3C and 7) .
DISCUSSION
Since Markee first reported that vasoconstriction induces menstruation [11] , many studies have confirmed the relation between vascular integrity and human endometrial regression [2, 13, 35] . In the menstrual phase, ischemia-reperfusion is considered to be a critical event in inducing endometrial regression and regeneration. Progesterone withdrawal is involved in uterine vasoconstriction; however, other pathological factors such as uterine contraction and bleeding may also cause temporary uterine ischemia. Under the conditions in which ischemia lasts longer than 1 day, 60% of the endometrial tissue is reduced during menstrual bleeding in endometrial transplants within the eye chamber in the Rhesus monkey [11] . Our model concurred with these results, and suggested that the duration of the ischemic time and the amount of tissue blood flow regulate endometrial apoptosis. A recent laser Doppler study, however, reported that there are no significant ischemia-reperfusion changes in the menstrual phase [32] . Although the reason for the discrepancy in these reports regarding menstrual blood flow is unknown, the local vascular integrity may be difficult to detect by laser Doppler, because in the normal menstrual phase, the blood flow per microvessel is maintained, and the ischemia may be focal and it may last longer than 10 min [32] .
In our study, apoptotic cells were observed in the glandular lumen and in the endometrium, which is consistent with the observation that two mechanisms are involved in the spread of endometrial apoptosis, one via the lumen to the endometrial cavity and one via direct transport through the basal membrane to the stroma [3, 36, 37] . These results are in agreement with a human clinical study on menstruation [3, 4] . We speculated that the ischemia-reperfusion model reflected some features of endometrial cell death, particularly on menstruation.
TNF␣ is an important mediator of cell death and inflammation in the endometrium. The expression of TNF␣ mRNA in the human endometrium increases in the late secretory phase and during menstruation [38] . As for the expression of TNF␣ in the mouse estrus cycle, no or only slight expression of TNF␣ mRNA was observed in uterine tissues during proestrus, estrus, and diestrus I, but the expression increased in diestrus II [39] . In the ischemia-reperfusion model, we demonstrated for the first time that the expression of TNF␣ mRNA was positively increased in the uterine tissue along with the increase in apoptotic cells. In human endometrial epithelial cells, TNF␣ mRNA expression increased progressively after TNF␣ stimulation and estrogen withdrawal [38] . In our study, ischemia-reperfusion may have also stimulated these two pathways. However, the TNF␣-induced endometrial cell death remains to be solved, because TNF␣ not only mediates oxidative stress causing cell damage, but also leads to cell survival through the induction of NF-B in human endometrial stromal cells and other organs [25, 40] .
TNF-R p55 is present in endometrial epithelial cells and stromal cells, as well as in myometrial smooth muscle and connective tissue cells in mice. The TNF-R p55 mRNA signal intensity was found to be the highest during diestrus II by an in situ hybridization method [41] . On the other hand, TNF-R p55 mRNA expression in the human endometrium is higher in the secretory phase than in the menstrual phases, and is inversely related to TNF␣ [42] . However, the expression of these proteins in the endometrial epithelium remains constant throughout the menstrual cycle [6] , indicating that apoptosis in endometrial glands is unlikely to be regulated at the receptor level. Therefore, the induction of TNF␣ is the key regulator, and the increased level of TNF␣ mediates apoptosis through TNF-R p55 in the ischemia-reperfusion model. Clinically, dysmenorrhea is related to vasoconstriction, uterine contraction, and ischemia. Because the excessive production of prostaglandins leads to vasoconstriction [14] , our data suggest that the differences between normal menstruation and dysmenorrhea might be due to ischemia-reperfusion, which causes the induction of TNF␣. Furthermore, menstrual inflammatory reactions are augmented by reperfusion, and the accumulating TNF␣ can contribute to endometrial apoptosis.
In conclusion, our findings indicate that endometrial apoptosis is initiated by uterine ischemia-reperfusion as well as by ovarian hormone withdrawal. While menstruation is a physiological event, ischemia-reperfusion and TNF␣ could injure the female genital tract, leading to pathological conditions such as dysmenorrhea. We propose that the inhibition of TNF␣ may provide a novel therapeutic intervention for endometrial protection from ischemia-reperfusion injury.
